Skeletal muscle, which plays a crucial role in metabolism for maintenance of homeostasis, is the main producer of lactic acid in the body. Tissues such as heart and red skeletal muscle that use lactic acid as a major respiratory fuel require transportation of lactic acid into cells. Lactic acid produced by the anaerobic glycolytic pathway in skeletal muscle can be metabolized in the muscle itself. However, over-accumulation of lactic acid has been shown to lead to intracellular acidification and apoptosis. 1) Rapid transport of lactic acid across the plasma membrane is of fundamental importance for the metabolism of almost all cells, and it is also vital for intracellular pH homeostasis. Transport of lactate, or more accurately lactic acid, across the plasma membrane of almost all cells is catalyzed by proton-linked monocarboxylate transporters (MCTs).
The MCT family comprises 14 known members, of which the first four (MCT1-MCT4) subtypes have been demonstrated experimentally to catalyze the proton-linked transport of metabolically important monocarboxylates such as L-lactic acid.
2) Distinct kinetic properties for L-lactic acid and pyruvate have been shown for MCT1, 2 and 4, all of which are expressed in skeletal muscle. [3] [4] [5] [6] [7] [8] MCT1 is thought to play an important role in the regulation of L-lactic acid circulation into and out of muscle and the maintenance of homeostasis of skeletal muscle cells. MCT1 has been found in all fiber types in muscle tissue, but it is more abundant in muscles that have a high percentage of oxidative fibers than in glycolytic fibers and thus has been suggested to play a major role in influx of L-lactic acid for oxidation. 9, 10) In rat skeletal muscle, MCT1 expression is highly correlated with indexes of oxidative metabolism, whereas MCT4 expression is highly associated with indexes of muscle glycolytic metabolism. 11) MCT1 is ubiquitously expressed but is especially prominent in heart and red muscle, where it is up-regulated in response to increased work, suggesting a special role in lactic acid oxidation. We previously reported that MCT1 was responsible for L-lactic acid uptake and that L-lactic acid efflux was mediated by MCT4 in rhabdomyosarcoma (RD) and L6 skeletal muscle cells. [12] [13] [14] Thus, clarification of the control mechanism of MCT-related lactate transport will provide insights into the physiological homeostasis of skeletal muscle. The major aim of the present study was to elucidate the intracellular regulation of lactic acid uptake and MCT1 expression. Previous studies in our laboratory have demonstrated that the RD cell line can function as a suitable model to study L-lactic acid transport and have suggested that MCT1 acts on L-lactic acid uptake at RD cells as well as the skeletal muscle. 13) In this study, we investigated the roles of intracellular regulatory pathways in the regulation of MCT1, the main lactate transporter, in RD cells.
MATERIALS AND METHODS

Chemicals [
14 C] L-Lactic acid sodium salt was purchased from Amersham Life Science (Buckinghamshire, U.K.). L-Lactic acid sodium salt was purchased from ICN Biomedicals Inc. (Aurora, OH, U.S.A.). Genistein and bisindolylmaleimide (BIM) were obtained from Funakoshi (Tokyo, Japan). All other chemicals were obtained from SIGMA (St. Louis, MO, U.S.A.). These agents were dissolved in dimethyl sulfoxide (DMSO) and stored at Ϫ20°C. They were added to the incubation medium just before use.
Cell Culture Experiments were carried out using cultured human rhabdomyosarcoma cells (RD cells). RD cells of the spindle-cell type were obtained from the Japanese Col-lection of Research Bioresources (Osaka, Japan). RD cells, prototypic embryonal rhabdomyosarcoma cells, are tumor cells of skeletal muscle origin affecting children and young adults, and that express a number of muscle-specific proteins. 15) RD cells were maintained in plastic culture flasks as described previously.
13) The RD cells were kept in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (ICN Biomedicals, Inc., Aurora, OH, U.S.A.) and 1% penicillin-streptomycin at 37°C under 5% CO 2 .
Quantitative Real-Time Polymerase Chain Reaction (PCR) Quantitative real-time PCR was performed as described previously. 13) Quantitative real-time PCR was performed using an ABI PRISM 7700 sequence detector (Applied Biosystems, Foster City, CA, U.S.A.) with 2ϫSYBR Green PCR Master Mix (Invitrogen, Carlsbad, CA, U.S.A.) as per the manufacturer's protocol. Total RNA was prepared from RD cells using an RNeasy mini Kit and an RNase-Free DNase Set (QIAGEN, Tokyo, Japan). Single-strand cDNA was made from 0.5-1 mg total RNA by reverse transcription (RT) using an Omniscript RT Kit. PCR was performed using MCT1-or 18S-specific primers through 40 cycles of 95°C for 20 s, 51°C for 20 s, and 72°C for 20 s after pre-incubation at 95°C for 15 min. The primers specific to human MCT1 and 18S were designed on the basis of sequences in the GenBank TM database. The sequences of the specific primers were as follows: the sense sequence was 5Ј-CCA TTG TGG AAT GCT GTC CT-3Ј and the antisense sequence was 5Ј-CCA CAT GCC CAG TAT GTG TA-3Ј for human MCT1, and the sense sequence was 5Ј-CGG CTA CCA CAT CCA AGG AA-3Ј and the antisense sequence was 5Ј-GCT GGA ATT ACC GCG GCT-3Ј for human 18S.
Western Blot Analysis Western blot analysis was performed as described previously. 14) Total protein extracts were prepared from RD cells. The cells were scraped and centrifuged at 1300 g for 1 min at 4°C. The pellet was suspended in 1 ml of phosphate buffered saline (PBS) and centrifuged at 1300 g for 1 min at 4°C. The resulting pellet was suspended in a lysis buffer containing 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS) and 4.5 M urea. The suspension was allowed to stand for 5 min and was sonicated for 15 min at 4°C. The suspension was then centrifuged at 12000 g for 15 min at 4°C, and the protein concentration in the clear supernatant was determined by the method of Lowry.
16) The samples were denatured at 100°C for 3 min in a loading buffer containing 50 mM Tris-HCl, 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.002% bromophenol blue (BPB) and 3.6 M urea and separated on 4.5% stacking and 10% SDS polyacrylamide gels. Proteins were transferred electrophoretically onto nitrocellulose membranes (TransBlot; BIO-RAD Laboratories, Richmond, CA, U.S.A.) at 15 V for 90 min. The membranes were blocked with PBS containing 0.05% Tween 20 (PBS/T) and 10% non-fat dry milk for 1 h at room temperature. After being washed with PBS/T, the membranes were incubated with goat anti-MCT1 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) (diluted 1 : 100) or mouse anti-actin monoclonal antibody (Chemicon, Temecula, CA, U.S.A.) (diluted 1 : 500) for 24 h at room temperature and washed three times with PBS/T for 10 min each time. The membranes were subsequently incubated for 1 h at room temperature with horseradish peroxidase-conjugated donkey anti-goat or goat antimouse secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) at a dilution of 1 : 4000 and washed three times with PBS/T for 10 min each time. The bands were visualized by enhanced chemiluminescence according to the instructions of the manufacturer's (Amersham Biosciences Corp., Piscataway, NJ, U.S.A.).
Uptake Study Uptake of [ 14 C] L-lactic acid was performed as described previously. 12) After removal of the growth medium, cells were washed with N-(2-hydroxyethyl)piperazine-NЈ-2-ethanesulfonic acid (HEPES) (pH 7.4) buffer (25 mM D-glucose, 137 mM NaCl, 5.37 mM KCl, 0.3 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 4.17 mM NaHCO 3 , 1.26 mM CaCl 2 , 0.8 mM MgSO 4 and 10 mM HEPES) and preincubated at 37°C for 10 min with 0.5 ml of HEPES (pH 7.4) buffer. Uptake was initiated by applying 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.0) buffer (25 mM D-glucose, 137 mM NaCl, 5.37 mM KCl, 0.3 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 4.17 mM NaHCO 3 , 1.26 mM CaCl 2 , 0.8 mM MgSO 4 and 10 mM MES) or HEPES (pH 7.4) buffer containing [
14 C] L-lactic acid (0.2 mCi/ml). The uptake study was performed at 37°C. After a predetermined time period, uptake was terminated by suctioning off the applied solution and immersing the plates in ice-cold HEPES (pH 7.4) buffer.
To quantify the radioactivity of [
14 C] L-lactic acid taken up by the cells, the cells were solubilized in 1% SDS/0.2 N NaOH. The remainder of the sample was mixed with 5 ml of scintillation cocktail (ASCII, Amersham Biosciences Corp., Piscataway, NJ, U.S.A.) to measure the radioactivity in a liquid scintillation counter (Packard, 1600TR). The cellular protein content was determined by the method of Lowry with bovine serum albumin as a standard. 16) Reporter Plasmid Construction The human MCT1 promoter (Ϫ1538/ϩ218; Accession No. NM_003051) was amplified from human genomic DNA by PCR using primers with the sense sequence of 5Ј-TTT CTC GAG GAA CCA GAC TGA GGA TCC TGT C-3Ј and antisense sequence of 5Ј-CGC AAG CTT CCT CGT TTG CTT GTT CCA GT-3Ј and then subcloned into a pGL3-basic vector (Promega, Madison, WI, U.S.A.) that contains a promoterless luciferase reporter gene.
Transient Transfection and Luciferase Assay RD cells (1.5ϫ10 5 cells/well) were seeded into 24-well plates and transfected while still in suspension with one of the MCT1 promoter-luciferase constructs using Lipofectin reagent (Invitrogen, Carlsbad, CA, U.S.A.). Each well was transfected with 400 ng of pGL3-MCT4 promoter construct encoding a modified firefly luciferase gene (or empty pGL3 vector). After transfection, cells were treated with phorbol 12-myristate 13-acetate (PMA) or 8-Br-cAMP for 1, 6, or 24 h. At 48 h after transfection, luciferase activity measured by a luminometer according to the manufacturer's instructions using an assay kit from Promega. Relative light unit (RLU) values obtained from the assay were normalized to the amount of protein used as determined by the Lowry method 16) and luciferase activity was expressed as RLU/mg protein.
Data Analysis For kinetic studies, the MichaelisMenten constant (K m ) and maximum uptake rate (V max ) of Llactic acid were estimated from the following equation using a nonlinear least-squares regression analysis:
where V and S are uptake rate of L-lactic acid and concentration of L-lactic acid, respectively.
Unless otherwise indicated, all data are expressed as meansϮS.D. of the mean. Student's t-test was used to determine the significance of differences between two group means. Statistical significance was defined as pϽ0.05.
RESULTS
Cellular
Regulation of L-Lactic Acid Uptake by RD Cells Firstly, to clarify the role of intracellular regulatory pathways in the regulation of L-lactic acid uptake, we examined the effects of various modulators on L-lactic acid uptake by RD cells. The uptake of L-lactic acid was studied in the presence of various intracellular regulatory pathways, including pathways mediated by protein kinases A, C and G (PKA, PKC and PKG), protein tyrosine kinase (PTK), and Ca 2ϩ / calmodulin modulators. As shown in Table 1 , incubation with 10 mM PMA, a well-known PKC activator, for 24 h significantly increased the uptake of L-lactic acid. Moreover, incubation of RD cells with a membrane-permeant cAMP analog, 8-Br-cAMP, or an adenylyl cyclase activator, forskolin, for 24 h resulted in a significant decrease in L-lactic acid uptake. On the other hand, no significant change in L-lactic acid uptake was found upon treatment of RD cells with 8-(4-chlorophenylthio)-cGMP (pCPT-cGMP), a membrane-permeable analog of cGMP. Similarly, neither genistein, a PTK inhibitor, nor calmidazolium, a calmodulin inhibitor, exhibited a significant effect. These results indicate that while no role for PKG-, PTK-and Ca 2ϩ /calmodulin-mediated pathways is evident, there appears to be a role for the PKC-and PKA-mediated pathways.
Involvement of PKC-and PKA-Mediated Pathways in MCT1 Expression and Function in RD Cells Previous studies from our laboratory have suggested that MCT1 is responsible for L-lactic acid uptake in RD cells. 13) Next, to clarify the potential role of PKC-and PKA-mediated pathways in the regulation of L-lactic acid uptake, we examined the effects of PMA and 8-Br-cAMP on the expression of MCT1 in RD cells. As shown in Fig. 1a , the level of MCT1 mRNA was significantly increased by 1.5 fold in RD cells treated for 24 h with PMA (10 mM) compared with the control level. We also investigated whether alteration in MCT1 mRNA expression correlated with the protein expression. Figure 1b shows a representative Western blot indicating the expected size bands of both human MCT1 (45 kDa) and actin (42 kDa) utilizing specific antibodies and protein lysates from RD cells treated with PMA. The level of MCT1 protein was significantly increased in RD cells treated for 24 h with PMA. Moreover, BIM, a PKC inhibitor, significantly inhibited MCT1 mRNA elevation induced by PMA (Fig. 1c) . In contrast, the level of MCT1 mRNA was significantly decreased in RD cells treated for 24 h with 8-Br-cAMP in a concentration dependent manner (Fig. 2a ). Moreover, MCT1 protein level was significantly decreased in RD cells treated for 24 h with 8-Br-cAMP in parallel to MCT1 mRNA alteration (Fig.  2b) . We further assessed the influence of PKA-mediated pathways on L-lactic acid uptake via MCT1 in RD cells. As shown in Fig. 2c , the suppressive effect of 8-Br-cAMP on Llactic acid uptake was abolished by H89, a specific PKA inhibitor. concentration dependence of L-lactic acid uptake in RD cells. As shown in Fig. 3 , 24-h incubation with 10 mM PMA caused a 40% increase in V max of the transport process compared with the control (14.5Ϯ1.0 and 20.7Ϯ1.8 nmol/mg protein/ min for control and PMA-treated cells, respectively), whereas the K m values were not significantly changed. On the other hand, kinetic analysis revealed that the 8-Br-cAMP-induced decrease in L-lactic acid uptake was accompanied by change in V max . Exposure to 8-Br-cAMP for 24 h decreased V max from 14.5Ϯ1.0 to 10.9Ϯ1.8 nmol/mg protein/min in 8-Br-cAMP-treated RD cells.
Effects of PMA and 8-Br-cAMP on the Kinetics of LLactic Acid Uptake in RD Cells
DISCUSSION
Skeletal muscle, which plays a crucial role in metabolism for maintenance of homeostasis, is the main producer of lactic acid in the body. Lactic acid is an important metabolic intermediate that plays a major role in the homeostatic control of skeletal muscles. Various studies have suggested roles of intracellular signaling pathways in MCT1 regulation. Although many studies have focused on the regulation of MCT1 expression in various cell lines derived from humans, little is known about its regulation mechanism in skeletal muscle. The present study was undertaken to investigate the possible regulation of MCT1 by the major signaling pathways, namely protein kinase A, C and G (PKA, PKC and PKG), protein tyrosine kinase (PTK), Ca 2ϩ /calmodulin-mediated pathways. First, we examined the effects of various modulators on L-lactic acid uptake by RD cells. Our data showed that the PKG-, PTK-, Ca 2ϩ /calmodulin-mediated regulatory pathways play no role in the regulation of L-lactic acid uptake and suggested that these pathways have no role in MCT1 regulation (Table 1) . On the other hand, PMA, a PKC activator, significantly increased the uptake of L-lactic acid in RD cells. Similarly, exposure to PMA for 24 h significantly increased MCT1 mRNA and protein levels. This stimulation of the uptake of L-lactic acid by PMA appears to be via an increase in V max of the transport process with no alteration in K m . This indicated that PMA stimulated L-lactic acid uptake by increased abundance of MCT1 proteins. Moreover, BIM, a PKC inhibitor, significantly inhibited MCT1 mRNA elevation induced by PMA. These results suggest that PKCmediated MCT1 expression in RD cells is a straightforward process, with increased transcription followed by increased abundance of MCT1 proteins and stimulation of L-lactate uptake. In contrast, exposure to 8-Br-cAMP and forskolin for 24 h resulted in a significant decrease in L-lactic acid uptake. The reduction of L-lactic acid uptake by cAMP modulators suggests a role of cAMP-mediated PKA pathways in the regulation of L-lactic acid transport activity or MCT1 expression. Additionally, exposure to 8-Br-cAMP for 24 h significantly decreased the MCT1 mRNA level as well as the MCT1 protein level in RD cells. These results suggest the involvement of a cAMP-mediated PKA pathway in the regulation of L-lactic acid uptake via MCT1 in RD cells. However, the protein expression profile of MCT1 in Fig. 2b is not consistent with the reduction of L-lactic acid transport activity by 8-Br-cAMP shown in Table 1 . We previously reported that MCT1, MCT2 and MCT4 mRNA was detected in RD cells. Additionally, it has been suggested that MCT1 rather than MCT2 is mainly responsible for L-lactic acid uptake by RD cells. 13) Therefore, not only MCT1 but also another transporter may contribute to the transport of L-lactic acid in RD cells. Moreover, to determine whether the suppressive effect of 8-Br-cAMP on L-lactic acid uptake is attributed specifically to PKA activation, we examined the effect of H89, a specific PKA inhibitor on the inhibition of L-lactic acid up- The results of the present study showed the long-term effects of PMA and 8-Br-cAMP. Another study has shown that PMA treatment (for 24 h) significantly increased apical butyrate uptake and MCT1 protein expression in Caco-2 cells. 17) Recent studies have also shown that intestinal MCT1 gene expression in response to PMA is attributed to initial PKC activation and that the atypical PKC-z isoform plays a role in PMA-induced up-regulation of the MCT1 promoter. 18) Therefore, we also examined whether the effect of PMA on MCT1 promoter activity is due to initial PKC activation in RD cells. RD cells were treated with PMA at various time points ranging from 1 to 24 h. PMA-induced MCT1 promoter activity was seen as early as 1 h and persisted until the 24-h time point (data not shown). These results are consistent with the results of a previous study showing that exposure to PMA for a long period stimulated MCT1 expression. Thus, these results demonstrate that the stimulatory effects of PMA on MCT1 expression were attributed to initial PKC activation not only in Caco-2 cells but also in RD cells. On the other hand, a significant decrease in MCT1 promoter activity was seen when the cells were incubated for 24 h, but not for 1 h or 6 h, with 8-Br-cAMP (data not shown). These results suggest that 8-Br-cAMP has no effect on the direct modification of MCT1 and that the decrease in MCT1 expression seen in this study could be a secondary effect following the intracellular accumulation of cAMP.
Various protein kinase systems have been shown to affect protein modification. Activation of PKA or PKC has been associated with alterations of transporter function and the presence of transporters in the plasma membrane. Recent studies have also shown rapid modulation of transporters by PKA and PKC. 19, 20) In rat cerebral endothelial cells, MCT1 kinetic function is directly modulated by a cAMP-mediated PKA signaling pathway. 21) However, little is known about the short-term effects of protein kinase modulators on MCT1. We tried to clarify the possible regulation of MCT1 by shortterm exposure (within 1 h) to PMA or 8-Br-cAMP. One-hour incubation with 10 mM PMA exhibited no effect on the uptake of L-lactic acid in RD cells (data not shown). Similarly, no significant change in L-lactic acid uptake was found upon treatment with 8-Br-cAMP (data not shown). These results suggest that PMA and 8-Br-cAMP have no effect on direct modification of MCT1 such as phosphorylation or recruitment to the plasma membrane in RD cells. PKC and PKA are found in almost all cell types as effectors of various signal transduction pathways and play a central role in physiological homeostasis. Therefore, it is likely that different isozymes with distinct biochemical properties and cell-specific expression contribute to cell-and organ-specific effects.
MCT1 expression in skeletal muscles is increased in response to chronic stimulation and endurance exercise training in rats and humans, whereas muscle denervation decreases expression of MCT1. 10, 11, 22) However, the mechanism of regulation has not been established. Muscle contraction has been shown to increase PKC activity. 23) Additionally, there is information indicating that muscle denervation causes intracellular accumulation of cAMP and stimulates PKA activity in muscle. 24) In this report, we indicated the possible involvement of a PKC and cAMP-mediated PKA pathway associated with expression of MCT1. Our results together with the above-mentioned observations support the view that PKC is an important signaling molecule activated by muscle contraction and is involved in the regulation of contraction-stimulated MCT1 expression. Furthermore, our results suggest that cAMP plays an important role in the regulation of MCT1 expression after denervation. Most signal transduction pathways are involved in various cellular functions. However, the physiological significance of the multiple-signal regulating pathways involved in the regulation of MCT1 in skeletal muscle is poorly understood and needs to be further explored.
In conclusion, the results of present study indicate the possible involvement of a PKC-and PKA-mediated pathway associated with expression of MCT1 and lactate transport. Our results provide evidence for a link between the regulation of MCT1 expression and signaling molecules central to the control of homeostasis of skeletal muscle cells, but the detailed downstream pathway of this signaling cascade involved in the regulation of MCT1 expression remains to be elucidated. Further investigations to elucidate this pathway are in progress.
